Abstract.
The phrynosomatid sand lizards form a with which it shares the derived character clade of 8-10 currently recognized species of a concealed tympanic membrane, or of distributed in arid and semiarid regions of Callisaurus (Fig. 1, topology III and IV) , to western North America (de Queiroz, 1989) . which it bears a greater overall resemblance. This group has interested systematic biol-The second disagreement forms the basis of ogists because of a continuing controversy a related controversy about whether the conabout the phylogenetic relationships among cealed tympanic membrane ("earless" condifour taxa traditionally recognized as gen-tion) of Cophosaurus and Holbrookia has been era: Callisaurus (zebra-tailed lizards, one inherited from a common ancestor or is the currently recognized species), Cophosaurus result of convergent or parallel evolution, (greater earless lizards, one species). HoiMost recent studies (e.g., Etheridge and de brookia (lesser earless lizards, three species), Queiroz, 1988; de Queiroz, 1989 de Queiroz, ,1992 Porter and Uma (fringe-toed lizards, three to five et al., 1994; Changchien, 1996; Reeder and species) . Among the four alternative hy- Wiens, 1996) have supported the early diverpotheses proposed for the relationships gence of Uma and the sister group relationamong these taxa (Fig. 1) , the main differ-ship of Cophosaurus and Holbrookia (Fig. 1 , enees concern first, whether the first taxon to topology I). Moreover, a review of all the diverge was Uma (Fig. 1 , topologies I and III) data that had been presented up to 1989 (de or Holbrookia (Fig. 1, topology IV) , and sec-Queiroz, 1989) revealed first, that most of ond, whether Cophosaurus is the sister group the similarties between Cophosaurus and Caloí Holbrookia ( . Alternative hypotheses of higher-level relationships among the sand Kzards. Topology I (Savage, 1958; Cox and Tanner, 1977; Etheridge and de Queiroz, 1988; de Queiroz, 1989 de Queiroz, , 1992 Reeder and Wiens, 1996; Changchien, 1996) ; topology II (Mittleman, 1942; Smith, 1946) ; topology III (Norris, 1958; Earle, 1961 Earle, ,1962 ; topology IV (Axtell, 1958; Clarke, 1965; Adest, 1978). second, that there were no known derived characters shared by those two taxa that are not also shared by either Uma, Holbrookia, or both of these taxa. Nevertheless, we wished to evaluate hypotheses about sand lizard phylogeny with new data in the form of DNA sequences and new analytical capabilities that have recently become available.
Like many recent molecular phylogenetic studies, ours is based on data from structurally and functionally separate genes (i.e., cytochromeb [cyt b] and 12SRNA). Currently there is disagreement about how multiple data sets, including those based on different genes, should be analyzed•that is, separately or combined (reviewed by de Queiroz et al., 1995; Hillis et al, 1996) . For the most part, opposition to combining data sets occurs when those data sets are thought to have been generated by distinctly different processes. Bull et al. (1993) , for example, generated simulated nucleotide sequence data on the same tree under two distinct models and showed that parsimony analysis of the combined data sets resulted in a poor estimate of the true tree. In the context of parsimony, weighting for position (e.g., codon position, stems vs. loops) and transformation (e.g., transitions vs. transversions) has been used to accommodate different underlying processes (Chippindale and Wiens, 1994) ; however, that approach lacks an explicit basis for assessing which weighting scheme provides the best explanation of the data (Huelsenbeck et al., 1994) .
In contrast, likelihood has an explicit basis for assessing the ability of different models to explain the data (see Swofford et al., 1996) , because likelihood scores (the probability of the data, given the hypothesis) are comparable across models. Moreover, statistical tests can be used to assess the significance of the differences in likelihood scores between models, which is desirable because overly deterministic models, though they inevitably improve the likelihood score also increase sampling variance and may ultimately decrease accuracy (Cunningham et al., 1998) . For these reasons, we used an approach based on likelihood to select a model from a set of progressively more-restrictive models (i.e., those with progressively greater numbers of estimated parameters), using that model as the basis for subsequent phylogenetic analyses. We also took advantage of the additive properties of likelihood scores (Edwards, 1972) and the existence of previously specified alternative phylogenetic hypotheses to assess the amount of support among four rival hypothesis, using the entire data set but allowing for heterogeneity in the models applied to its various subsets.
MATERIALS AND METHODS

Taxon Sampling
Samples of fresh liver or muscle tissue were collected from 26 phrynosomatid sand lizards, representing all 10 currently TABLE 1. The taxonomic designation, code, museum number, and collecting locality of the specin-iens used in the study. Subspecies taxonon-iy oí Holbrookia macúlala follows Axtell (1958 recognized species (Table 1 ). An effort was made to sample geographic variation, particularly within polytypic species. In addition, five specimens representing five distantly related species within the first and second outgroups•based on the phylogenies of Etheridge and de Queiroz (1988) and Reeder and Weins (1996) •were included in the analysis. These taxa were used to root the trees in the various phylogenetic analyses. Tissues were frozen in liquid nitrogen in the field and maintained at • 80°C in the laboratory until DNA was extracted.
DNA Isolation, Amplification, and Sequencing
Genomic DNA was extracted from ~ 10 mg of frozen liver tissue by incubating the samples in STE buffer (0.4 M NaCl, 10 mM Tris-HCl pH 7.5,10 mM EDTA), 20% sodium dodecyl sulfate and proteinase K (10 /ig//il) for at least 12 hours at 55 °C. DNA was purified by extraction with phenol/chloroform, precipitated with ethanol, and resuspended in 15-100 n\ of TMS-EDTA buffer (Hillis et al, 1990) .
The polymerase chain reaction (PCR) (~50 ng DNA; 0.4 mM primer each; 0.15 mM dNTP; 5/J1 of 10 X buffer; 1.5 mM MgCb; 1.25 to 2.5 units of Taq polymerase, and distilled H2O up to 50 Ail) (96°C, 45 sec; 45-50°C, 45 sec; 72 °C, 60 sec) was used to amplify fragments of two mitochondria! genes, a 650-bp fragment of the cyt h gene and a fragment of ~350 bp of the ribosomal 12S gene. Two equal sized (~400 bp) portions of the cyt h fragment were independently amplified using two pairs of primers: L14841: 5'-AAA AAGCTTCCATCCAACATCTCAGCATGA TGAAA-3', H15149: 5'-AAACTGCAGCCC CTCAGAATGATATTTGTCCTCA3' and L15066: 5'-AATAAGCTTTTAAAGAAACAT GAAA(T/C)ATTGGAGTA-3', H15498: 5'-A AACTGCAGGGAATAAAGTTATCTGGGT CTC-3'; numbers in the primer names refer to positions in the human sequence (Anderson et al., 1981) . A single pair of 12S primers was used: 5'-AAACTGGGATTA GATACCCCACTAT-3' and 5'-GAGGGTGA CGGGCGGTGTGT-3' (Reeder, 1995) . The double-stranded PCR products were purified with 20% polyethylene glycol, dyelabeled using a dye terminator cycle sequencing reaction kit (ABI PRISM; Amplitaq DNA polymerase), and sequenced on an automated sequencer (models 373 a and 373 stretch; Applied Biosystems, Inc.). The absence of indels in the cyt b sequences made it possible to align these sequences unambiguously by eye. A preliminary alignment of the 12S consensus sequences was made using CLUSTAL W (Thompson et al, 1994) under the default settings. Improvements to the initial alignment were made by eye, using published models of secondary structure for a variety of taxa (Sullivan et al., 1995; Hickson et al., 1996; Richards and Moore, 1996) . Sequences are deposited with GenBank under the accession numbers AF194215-AF194276.
Phylogenetic Analysis
We used maximum likelihood to select models of sequence evolution, to refine parameter estimates used in phylogeny reconstruction, and to select optimal trees (see Swofford et al., 1996) . Processes governing DNA sequence evolution and their effects on the estimation of phylogenies have been well documented (e.g., Collins et al., 1995; Sullivan et al., 1995; Sullivan, 1996; Wakely, 1996; Yang, 1996a) . Consequently, explicit models of sequence evolution have been developed in an attempt to compensate for potentially confounding effects for use under a likelihood approach to phylogeny reconstruction. Likelihood models have been tested under a diverse set of simulated conditions (Gaut and Lewis, 1995) and have been shown to outperform other methods when data are simulated under more complex (and arguably more realistic) conditions (Huelsenbeck, 1995; Yang, 1996b) . Furthermore, the ability to objectively evaluate evolutionary models under likelihood is of great importance in light of the general recognition that the processes governing molecular evolution are not uniform across taxa (Wolfe et al, 1989; Martin and Palumbi, 1993; Nielsen, 1997) and that using oversimplified or arbitrary models to infer phylogeny has undesirable consequences (Felsenstein, 1978; Yang, 1996b; Sullivan and Swofford, 1997; Cunningham et al, 1998; Naylor and Brown, 1998) .
Phylogenetic analyses of the nucleotide sequence data were conducted using test versions 4.0d64-65 of PAUP*, written by David L. Swofford. We generated initial topologies for the cyt b and 12S sequences, using heuristic searches (10 random stepwise additions of taxa and tree bisection-reconnection [TBR] branch swapping) under parsimony with equal weighting for both codon positions and classes of nucleotide substitutions. We then evaluated the likelihood of several nested models of sequence evolution (see below) on the parsimony topologies to determine which model and associated parameter values yielded the highest probability for the sequence data. The model and associated parameters that maximized the likelihood were next used in a heuristic search (as-is stepwise addition of taxa and TBR branch swapping) under the likelihood criterion. This process was reiterated with subsequent likelihood topologies until the same topology or set of topologies was found in successive searches.
We explored four substitution models: Jukes-Cantor 0C; Jukes and Cantor, 1969) , Kimura two-parameter (K2P; Kimura, 1980) , Hasegawa-Kishino-Yano (HKY; Hasegawa et al., 1985) , and the general time reversible (GTR; the REV of Yang, 1994a) (see Swofford et al. [1996] for model descriptions). Each substitution model was first evaluated by assuming no rate heterogeneity among sites and then with three combinations of rate heterogeneity parameters: (1) the I of Hasegawa et al. (1985) , in which a proportion of sites were considered invariable (variable sites were assumed to follow an equal rates model); (2) the gamma (r) of Yang (1994b) , in which all sites were assumed to follow a discrete gamma-distributed rates model; and (3) I + r (Gu et al, 1995; Waddel and Penny, 1996) , in which some sites were considered invariable and the variable sites were assumed to follow a gamma-distributed rates model. Rate heterogeneity parameters were optimized under each substitution model; therefore, 16 models were evaluated (i.e., 4 substitution models X 4 combinations of rate parameters) for each data set and topology. A likelihood ratio test (Cox and Hinkley, 1974 ) was used to determine whether models differed significantly in their likelihood scores. Because each model is a special case of the most general GTR + I + r model, this amounted to determining whether increasing the number of parameters estimated from the data (i.e., relaxing the model restrictions) significantly improved the ability of the model to explain the data. The test statistic is assumed to be ;);: ^ distributed, with the degrees of freedom equal to the difference in the number of parameters between the two models. Theoretically, the use of the i'^ distribution is valid only when the likelihoods of the nested models are computed on the true topology (Yang et al., 1995a) ; however, Yang et al. (1995b) have suggested that uncertainty about phylogeny is not a practical problem because differences between substitution models are most often greater than differences between topologies. Because it was impossible for us to know whether we were assessing the true topology, we compared the 16 nested models using several alternative topologies representing rival phylogenetic hypotheses (Fig. 1) to determine whether the preferred model was consistent across the alternative topologies.
We assessed the support for the putative clades identified by parsimony and likelihood searches using nonparametric bootstrap resampling (Felsenstein, 1985) . Under the parsimony criterion, 200 bootstrap replicates were performed on the cyt h and 12S data sets using heuristic searches (simple stepwise addition of taxa and TBR branch swapping), both with equal weights for character positions and with step matrices to down-weight transitions 10:5,10:4,10:3, and 10:2 (i.e., 2:1,2.5:1, -3.3:1, 5:1). The transversion/transition (tv:ti) weighting schemes were selected because they formed a narrow range around the transition bias estimated under maximum likelihood (i.e., ~2.8). Under the likelihood criterion, 100 bootstrap replicates were performed on the cyt h and 12S data sets using heuristic searches (as-is stepwise addition of taxa and TBR branch swapping) under the GTR + I + F model.
For both cyt h and 12S bootstrap searches, the GTR + I + F model parameters were fixed to the parameter values estimated on the tree found in the final iteration of the successive approximations procedure described above.
We also used our data to evaluate the relative merits of four previously proposed phylogenetic hypotheses (Fig. 1) •one of which corresponds to our best estimate of sand lizard phylogeny based on the cyt h sequences. The successive approximation approach described above was used to find optimal topologies, with the branching order among the four taxa traditionally recognized as genera constrained to correspond to each of the previously proposed phylogenies. The cyt \) data were used to find the optimal topologies under the various constraints because these data provided greater resolution for relationships reflecting deeper sand lizard divergences. We then optimized models and parameter estimates for both gene fragments together, for each gene fragment separately, and for structurally and functionally defined regions or classes of sites within each gene fragment (i.e., stems and loops for 12S, codon positions for cyt V).
In this approach, support for each topology can be evaluated for each data partition. In addition, because the measure of support (i.e., likelihood) is additive (see Edwards, 1972) , overall support for each hypothesis can be assessed as the sum of the estimates for the individual data partitions (Adachi and Hasegawa, 1992; Huelsenbeck and Bull, 1996) . However, by estimating parameter values separately for each data partition, we run the risk of overparameterizing the model. It therefore becomes important to know whether the additional model parameters help to provide a better general fit to the data, or just fit random variation. To this end, a likelihood ratio test was used to determine whether partitioning the data significantly improved the overall likelihood score. Here again the likelihood ratio \s y} distributed, the degrees of freedom being equal to the difference in the number of parameters used to estimate the two likelihood scores. Because model parameters were optimized for each data partition, the total number of model parameters was equal to the number of branch lengths (2T • 3, where T is the number of terminal taxa) plus the number of substitution parameters, all multiplied by the number of data partitions. Finally, we evaluated the significance of the observed differences between the likelihood scores of alternative phylogenetic hypotheses, using the method proposed by Kishino and Hasegawa (1989) . All site likelihood scores were generated using test version 4.0d64 of PAUP*, and the standard errors of the differences between topologies were generated using SAS (SAS Institute, 1990) .
In addition, the amino acid translation of cyt b nucleotide sequences was used to evaluate the four competing hypothesis (Fig. 1) under a likelihood framework. We used the program PROTML in the MOLPHY package (Adachi and Hasegawa, 1992) to evaluate the likelihood of the four topologies under the transition probability matrix of Jones et al. (1992) , using as an estimate of the amino acid frequencies those observed in the cyt b fragment (JTT-F option in PROTML). Of the alternative likelihood models available in PROTML, we chose the JTT-F model because it provided the best fit to the amino acidcoded data. PROTML was used to calculate the standard error of the difference between competing hypotheses and thus to compare those hypotheses using the test of Kishino and Hasegawa (1989) .
RESULTS
Sequence Variation Cytochrome h.
•In all, 650 nucleotide positions were aligned, of which 274 were variable and 240 were parsimony-informative. No insertions or deletions (indels) were observed. 202 (93%) of the third codon positions were variable compared with 60 (28%) of first the codon and 12 (6%) of the second codon positions. All of the third position substitutions were synonymous, whereas 60% of the first codon and 100% of the second codon substitutions resulted in amino acid substitutions. In all, 38 (17%) of the amino acid positions were variable. Observed differences in nucleotide base composition among taxa were not significant, as indicated by the x^ homogeneity test (first position ;f^ = 5.71, P = 1.0; second position ;f^ = 0.35, P = 1.0; third position, ;t:2 ^ 29.34, P = 1.0; and all sites, z = 3.84, P = 1.0). On the other hand, the frequencies of the four bases varied overall and for each codon position (Table 2) , as indicated by the base compositional bias (Bias C) of Irwin et al. (1991) . First codon positions showed the lowest bias (C = 0.042), whereas high T and low A and G frequencies at second positions resulted in an intermediate bias (C = 0.236), and high A and low G frequencies at third positions resulted in the most bias (C = 0.293) among codon positions. General patterns of bias for each codon position observed here are similar to those reported for mitochondrial genes sequences from birds (Kornegay et al., 1993; Nunn and Cracraft, 1996; , mammals (Irwin et al., 1991) , and coUembolans (Frati et al., 1997) . Corrected (likelihood under the GTR + I + F model) pairwise distances (Table 3 ) between and within currently recognized sand lizard species ranged between 0.009 and 0.508 and between 0.002 and 0.208, respectively.
12S rRNA.
•Nucleotide sequence length varied between 336 and 352 bp for the 31 taxa examined. After inserting 29 gaps to accommodate the alignment of conservative regions, 367 positions were aligned. A total of 19 positions could not be confidently aligned because of multiple indels, and these positions were not considered in subsequent analyses. Indels were only inferred in single-stranded regions (loops) of the 12S molecule. Not including indels, 105 characters were variable, of which 76 were parsimony-informative. More loop positions (37%) than stem (25%) positions were variable. Alignment of complementary stem positions for each sequence resulted in 50% A-U, 38% C-G, 9% G-U, 1% A-C, and 2% miscellaneous base pair combinations. The relatively high number of noncanonical G-U pairs in the stems of vertebrate ribosomal RNA genes is not uncommon (Kraus et al., 1992; Dixon and Hillis, 1993; Kjer, 1995) , perhaps because they are thought to have the least effect on the destabilization of secondary structure (James et al., 1988) and may even be selectively advantageous (Rousset et al., 1991) . Base composition did not vary significantly among taxa (loop x^ = 9.26, P = 1.0 z^) stem z = 4.02, P = 1.0; and all sites x^ = 2.74, P = 1.0). However, the pattern of base compositional bias differed between stem and loop regions (Table 2 ). In particular, the loop region was A-rich and G/Tpoor (C = 0.301), whereas the stem region showed very little base compositional bias (C = 0.041). This pattern of base compositional bias for the 12S gene fragment is similar to the pattern observed among Galapagos iguanas (Rassmann, 1997 ) and a diverse sample of (1) phrynosomatid lizards (Reeder, 1995) . Corrected (likelihood: GTR + I + F) pairwise distances (Table 3) between and within currently recognized sand lizard species ranged between 0 and 0.177 and between 0 and 0.052, respectively.
Nucleotide Substitution Patterns Cytochrome b.
•Nucleotide substitutions are generally considered in terms of changes within the two structural classes of nucleotides (purines and pyrimidines), that is, in terms of transitions and transversions. However, pairwise estimates of nucleotide substitution patterns among phrynosomatid lizards suggest that G<-^A transitions may occur less frequently than in other vertebrates (Reeder, 1995) . The plot of observed differences versus corrected distances (from Table 3 ) suggests that G<-^A transitions do not match the pattern exhibited by C<-^T transitions; instead, they more closely approximate the curves for the A<-»C and A<-^T transversions (Fig. 2a) . Pairwise estimates of nucleotide substitutions are prob- lematic in that they do not take multiple substitutions into consideration and therefore tend to underestimate transitions at rapidly evolving sites (see Wakely, 1996) . However, topology-based estimates using a model of substitution that accommodates among-site rate heterogeneity show that G<-^A transition rates are roughly half of C<-^T transition rates ( Table 2 ), indicating that the recognition of only two classes of substitutions (i.e., transitions and transversions) oversimplifies the substitution process. Furthermore, likelihood models with six substitution rate categories (GTR) as opposed to two (K2P or HKY) had markedly higher likelihood scores for all of the topologies examined (p < 0.0001) (Fig. 3a) .
US rRNA.
•Both pairwise and topologybased estimates of nucleotide substitution rates suggest that, as in the case of cyt b, classification of substitutions into two classes (transitions and transversions) oversimplifies the substitution process. Observed pairwise nucleotide differences plotted against corrected distances (from Table 3) show that A<->G transitions occur at frequencies more similar to certain classes of transversions (Fig. 2b) (Reeder, 1995) . Similarly, topologybased estimates indicate that G<-^ A transition rates are substantially lower than those for C<-^T transitions, particularly in the loop regions (Table 2) , and likelihood models with six substitution rate categories (GTR) as opposed to two (K2P or HKY) have markedly higher likelihood scores for all of the topologies examined (p < 0.0001) (Fig. 3b) .
Optimal Trees Cytochrome b.
•Parsimony analysis of the cyt b data with equal weights for both codon positions and base transformations resulted in three most-parsimonious (MP) topologies (length = 1,160, Consistency Index [CI] = 0.3464 excluding uninformative characters) (Fig. 4a) . Parsimony searches using step matrices to downweight transitions favored one of the three equal-weight MP topologies. Nevertheless, all three MP topologies were used to evaluate the 16 models of sequence evolution described above under the likelihood criterion. The GTR + I + F model had the highest likelihood score for each of the three MP topologies. Moreover, despite increased variance from the estimation of additional parameters, the difference between the GTR + I + r likelihood score (-InL = 5544.36) and that of the next best model (GTR + F, -InL = 5582.22) was significant ix^ = 75.92, df = 1, P < 0.0001) for the most likely parsimony topology. A heuristic search using the GTR + I + F model parameters optimized on the single most likely parsimony topology resulted in the same single tree (Fig. 5) . Again, the GTR + I + F model had the highest likelihood score (•InL = 5543.606), which was significantly higher (x^ = 76.80, df = 1, P < 0.0001) than the score of the next best model (GTR + F, -InL = 5582.01) (Fig. 3a) . Additional heuristic searches with parameters optimized on successive maximum likelihood (ML) trees did not change the branching order from that of the original ML topology. The estimation of model parameters used in phylogeny reconstruction is influenced to some extent by the initial topology on which the parameters are optimized (Yang, 1994b; Sullivan et al., 1996) . Therefore, we optimized model parameters on MP topologies constrained to conform to three alternative phylogenetic hypotheses (Fig. 1,  topologies II-IV) . In all cases, subsequent unconstrained searches using the model parameters optimized on the constrained topologies converged on the same tree that had been found by the search using the model parameters optimized on the most likely parsimony topology.
-{ (a)
Bootstrap resampling of the cyt b data according to parsimony (equal weights and various ti:tv weighting schemes) and likelihood (GTR + I + r) criteria produced nearly concordant topologies (Fig. 5) . In general, increasing the weight of transversions increased the bootstrap values for nodes representing deeper divergences, although there is no objective criterion for assessing which ti:tv weighting scheme best explains the data under parsimony. In addition, model selection under likelihood indicates that the data are explained best by a more complicated model•one involving six substitution classes as well as invariant sites and rate variation among variable sites. Therefore, although we present the range of bootstrap values under parsimony, hereafter we emphasize the results obtained under likelihood.
•Parsimony analysis of the 12S data with equal weights for both character positions and base transformations resulted in six equally MP trees (length = 262, CI = 0.4784 excluding uninformative characters) (Fig. 4b) . All six MP trees were used to evaluate the 16 models of sequence evolution under the likelihood criterion. The GTR + I + r model had the highest likelihood score for each of the six MP topologies. The score for the GTR + I + r model (-InL = 1717.64) was significantly better (x^ = 8.48, P = 0.0036) than that of the next best model (•InL = 1721.88; GTR + T) for the most likely parsimony topology. A heuristic search using the GTR + I + r model parameters optimized on the most likely parsimony topology resulted in 15 ML topologies (Fig. 4c) . Exploring models of evolution given the 15 ML trees again yielded a score for the GTR + I + F model (-InL = 1711.70) that was significantly better (x^ = 6.22, P = 0.0126) than that of the next best model (-InL = 1714.81; GTR + F) (Fig. 3b) . Another heuristic search with the refined GTR + I + F parameters yielded the same 15 ML topologies as the previous search.
The parsimony (equal weights and various differential tv:ti weighting schemes) and likelihood (GTR + I + F) bootstrap analyses for the 12S data give roughly concordant amounts of support for the resolved nodes (bootstrap proportions >50%) in a generally poorly resolved phylogeny (Fig. 6) . Both parsimony and likelihood analyses of the 12S rRNA data show very little support for the deepest nodes in the tree. Rather, those data are more informative regarding the shallower nodes.
Alternative Phylogenetic Hypothesis
We limited our evaluation of alternative hypotheses using partition-specific models to four previously proposed topologies (Fig. 1) , one of which (Fig. 1, topology I ) corresponds to the MP and ML trees found in unconstrained analyses of our cyt b data (Fig. 5) . The basal ingroup relationships found in the unconstrained parsimony and likelihood analysis of the 12S data ( Fig. 4b  and 4c) were not included in this evaluation because the bootstrap analyses (Fig. 6 ) indicated that the 12S data provided little support for those relationships. We also evaluated both the 12S and cyt b topologies with the alternative data set, using the Kishino-Hasegawa (K-H) test (Kishino and Hasegawa, 1989) , and found that the cyt b data rejected (P < 0.0001) the 12S topology but the 12S data could not reject (P = 0.0975) the cyt b topology. Both gene fragments are physically linked on the mitochondrial genome and therefore must share a common history. It follows that at least one of the gene fragments is giving an incorrect estimation of the phylogeny, and both bootstrap analyses and the K-H test suggest that the misleading fragment is 12S. Although the structural and functional constraints imposed on the 12S molecule could be responsible for the incongruent phylogenies Sullivan, 1995 Sullivan, , 1996 , the relatively small size of the 12S gene fragment we sequenced may also explain its apparent incongruence with the cyt b data as well as the poor support that it provides for the basal ingroup relationships. . Phylogenetic relationships among the sand lizards based on likelihood and parsimony analyses of the 12S data. The numbers above each node represent the proportion of 100 likelihood bootstrap repKcates found under the GTR H-I H-F model of sequence evolution. Numbers below each node represent the range of parsimony bootstraps proportions for 200 replicates using equal weights and transitions downweighted by 10:5,10:4,10:3, and 10:2. The tree is the majority rule bootstrap consensus tree for the likelihood analysis. The majority rule bootstrap consensus trees for the various parsimony analyses are identical except for the resolution of three additional clades within Holbrookia. 4. Negative log Hkelihood scores of topologies I-IV (Fig. 1) under the GTR + I + F model for each of the data partitions and combinations thereof. Differences between the log Hkelihood scores of topology I and topologies II-IV are given in parentheses, followed by the SEs of the differences. The highest likelihood value for each data partition is given inbold. The results of Kkelihood ratio test, used to determine whether estimating model parameters on the individual data partitions significantly increases the model fit as measured by the log Kkelihood score, are given for the various combinations of the entire data set. Each combination of partitions for the entire data set is compared to the same data set with one less partition. We evaluated each of the four alternaBased on results of the likelihood ratio test, five topologies (Fig. 1) , using each separate separately optimizing branch lengths and data partition, combinations of partitions, model parameters for different data partiand the amino acid sequence of the cyt b tions significantly improved the cumulative molecule (Table 4) . Topology I {Uma {Cal-likelihood score for all combinations of data lisaurus {Cophosaurus, Holbrookia))) alone re-partitions relative to the unpartitioned data ceived the highest likelihood score for the un- (Table 4) , and the data set with the most parpartitioned cyt b fragment, the first and third titions explained the data best. Because these codon positions, the amino acid sequences, comparisons were limited to topologies choand four of the five combinations of parti-sen a priori, the question remains whether tions using all of the data. Topology I also better topologies exist. Technological limitareceived the tied highest likelihood score for tions prevented us from searching for opthe loop positions and the combination of timal trees using combined but partitioned loop and stem positions. Topology III was data. Although searching for trees using the favored by the combination of the Individ-combined but unpartitioned cyt b plus 12S ual cyt b codon positions and by the com-data sets under the GTR + I + F model bination of the individual codon positions yielded a novel optimal topology (Fig. 7a) , plus the unpartitioned 12S fragment. Second the likelihood of this topology given the uncodon positions and the unpartitioned 12S partitioned data is only 1.74 units greater fragment favored topology IV. Topology II than that of topology I. In contrast, when was not uniquely favored by any of the data model parameters are optimized separately partitions, though it had the tied (with topol-for each of the partitions, the cumulative likeogy I) highest likelihood score for loop posi-lihood score of the optimal tree for the unpartions and loop plus stem positions. The stem titioned data (i.e., •InL 6789.93) (Fig. 7a) is positions alone were unable to discriminate 5.75 units less than that of the optimal topolamong the alternative topologies.
ogy (i.e., topology I).
Because the data consist of partial gene sequences, it is instructive to estimate the number of nucleotides necessary to confidently (i.e., P < 0.05) reject the alternative hypotheses. In particular, we are interested in knowing whether the number of nucleotides needed to reject the alternative hypotheses is greater than the total number in the gene. We can roughly estimate the sample size needed because the mean of the site-likelihood differences is proportional to the sample size and the standard error is proportional to the square root of the sample size (Kishino and Hasegawa, 1989) . For 12S RNA, demonstrated large differences in substitutional pattern and evolutionary rates between the 3' and 5' ends of the molecule. Because our estimate of the number of sites necessary to confidently reject competing hypotheses assumes roughly the same amount of variability as observed in the sequences already collected, we confined our estimate to the cyt b gene. We estimated that 2,586 bp are necessary to confidently reject topology II relative to topology I; 2,496 bp to reject topology III; and 1,037 bp to reject topology IV. Based on these estimates, the entire cyt b gene (-1,130 bp, Kumazawa et al., 1998) might be sufficient to reject topology IV, but it will probably be necessary to collect data from an additional gene to reject the other two competing hypotheses.
DISCUSSION
Higher-Level Relationships
Four alternative hypotheses have been proposed to describe higher level ("intergeneric") phylogenetic relationships among extant sand lizard taxa, referred to here as topologies I-IV (Fig. 1) . Our analyses of two mitochondrial DNA gene fragments favor the phylogenetic relationships among sand lizard "genera" first proposed by Savage (1958) •topology I (Fig. 1) •and later supported by Cox and Tanner (1977) , Etheridge and de Queiroz (1988 ), de Queiroz (1989 , 1992 , Changchien (1996) , Reeder and Wiens (1996) , and in part Porter et al. (1994) . In this hypothesis, Uma is the sister group of all other sand lizards, and the "earless" lizards, Holbrookia and Cophosaurus, are sister taxa. These relationships are favored by four of the five analyses, on the basis of all of our sequence data, including the best estimate (i.e., Cl + C2 + C3 + stem + loop), although the alternative hypotheses (topologies II-IV) cannot be rejected with a high level of confidence (i.e., P < 0.05). The hypothesis that places Holbrookia as the sister taxon to all other sand lizards (topology IV) is least favored by the mtDNA sequences examined in this study. The tree constrained to conform to this hypothesis has the lowest likelihood score in all but one of the comparisons that used all of the data. The constrained part of the topology also has no nodes in common with the favored topology (topology I). In addition, this is the only hypothesis that might be rejected with the entire nucleotide sequence of the cyt b gene. It is more difficult to discriminate between the favored hypothesis and the other two alternative hypotheses (topologies II and III), both of which have nodes in common with the favored hypothesis.
Although topology IV is favored by the second codon positions of the cyt b molecule, the likelihood estimate is based on only 12 variable sites, all of which require an amino acid substitution. Of these sites, only one favors topologies III and IV over topologies I and II•and thus a sister group relationship between Cophosaurus and Callisaurus rather than between Cophosaurus and Holbrookia• on the basis of the individual site likelihood scores. All of the Cophosaurus and Callisaurus specimens and a single Holbrookia specimen (HMCA) have thymine at this position; the other samples all have cytosine. Moreover, nonsynonymous substitutions at the first position of this codon result in a pattern of shared amino acids that does not correspond perfectly to the pattern of shared nucleotides at the second position of the codon. Cophosaurus and the single Holbrookia specimen (HMCA) share valine, Callisaurus is characterized by isoleucine, a single Uma specimen (UPAR) is characterized by threonine, and all the other samples share alanine. Nevertheless, under the JTT transition model (Jones et al., 1992; see Methods) , the singlesite likelihood scores for this codon still rank topologies III and IV ahead of topologies I and II, in agreement with the site likelihood scores for the second position of this codon. The point is that this particular nucleotide site is singularly responsible for the rank order of the alternative topologies for the second position data, a ranking that is contradicted by both the nucleotide and amino sequence data for the full cyt b fragment, which rank topology I highest. When this single character was removed and the four topologies were again evaluated with the second position data, the rank order of the topologies changed and the likelihood of the difference between the three highest-ranking hypotheses decreased (topology I, •374.59; topology II, topology III, and topology IV, .
The debate about whether Cophosaurus shares a more recent common ancestor with Callisaurus or with Holbrookia and thus whether the "earless" condition in Cophosaurus and Holbrookia is synapomorphic versus homoplastic has a long history (Mittleman, 1942; Smith, 1946; Axtell, 1958; Norris, 1958; Savage, 1958; Earle, 1961 Earle, ,1962 Clarke, 1965; Cox and Tanner, 1977; Adest, 1978; Blackburn, 1978; Etheridge and de Queiroz, 1988; de Queiroz, 1989 de Queiroz, ,1992 . A sister group relationship between Cophosaurus and Holbrookia occurs in two of the alternative hypotheses (Topologies I and II) and is favored by 12 of 15 data partitions or combinations thereof under likelihood (Table 4) , including the one (Cl + C2 + C3 + stem + loop) that best explains the data. It is also favored by parsimony analysis of the cyt b data and by parsimony analysis of the combined cyt b plus 12S data (Fig. 7b) . Given the agreement of our results with those of recent analyses based on morphological, allozymic, and DNA hybridization data Tanner, 1977, Etheridge and de Queiroz, 1988; de Queiroz, 1989 de Queiroz, , 1992 Changchien, 1996; Reeder and Wiens, 1996) , the sister group relationship between Cophosaurus and Holbrookia and the single evolution of the concealed tympanic membrane must be considered the best supported of the four alternative hypotheses (Eig. 1).
Lower-Level Relationships
Both cyt b and 12S sequences provide support for lower-level relationships among sand lizards•that is, for relationships involving monophyly of the taxa traditionally ranked as genera (or simply named as formal taxa) and particularly for relationships within those taxa.
Urna.
•The cyt b bootstrap analyses indicate strong support (95%) for a monophyletic Uma. Eor the 12S data, Uma is one of two traditional genera for which monophyly is supported by <50% of the bootstrap replicates under both parsimony and likelihood; however, this situation probably reflects the limited ability of the 12S data to resolve deeper divergences within the sand lizard clade. In addition to the strong support provided by the cyt b data, monophyly of Uma is supported by at least eight unambiguous morphological characters (de Queiroz, 1989) . Moreover, genetic distances between the two major clades within Uma are all > 0.075, whereas all strongly supported relationships in the 12S tree (Eig. 6) involve taxa for which genetic distances do not exceed 0.069. Within Uma, the cyt b and 12S data sets recover nearly the same putative clades with similar bootstrap support. These include a sister group relationship between U. exsul and Li. paraphygus (cyt b, 100%; 12S, 99%); monophyly of a group composed of U. scoparia, U. notata, and U. inornata (cyt b, 92%; 12S, 77%); and monophyly of a group composed of Li. notata and Li. inornata (cyt b, 98%; 12S, 66%). The cyt b data also support a sister group relationship between U notata notata and U. inornata (99%). In agreement with Adest (1977 ) and de Queiroz (1989 , 1992 , our analyses support a relatively large separation between the Uma of the Mojave and Sonoran deserts (Li. notata, U. inornata, and Li. scoparia) and those of the Chihuahuan Desert {U. paraphygas and U. exsul). Within the former (notata) group, authors have recognized one (Schmidt, 1953; Adest, 1977) , two (e.g., Norris, 1958; Carpenter, 1963) , or three (Mayhew, 1964; Pough, 1973 Pough, , 1974 Pough, , 1977 species. The cyt b distances between U. scoparia and U. notata-inornata (0.113-0.127) are within the range of other betweenspecies comparisons in this study. In contrast, the cyt b distances between U. notata and Li. inornata (0.009-0.020) are low even for within-species comparisons, though the taxa are morphologically distinguishable and are sometimes recognized as separate species (e.g., Mayhew, 1964; Pough, 1973 Pough, , 1974 Pough, , 1977 . Interestingly, our results indicate that Li. notata is paraphyletic, with Li. notata notata being more closely related to Li. inornata than to U. notata rufopunctata, and highlight the need for a detailed investigation of these three forms.
Callisaurus.
•We observed strong to support (cyt b, 100%; 12S, 97%) for a monophyletic Callisaurus, corroborating the results of an earlier allozyme study (de Queiroz, 1992) . The cyt b data support three major clades within the single currently recognized species Callisaurus draconoides, two of which are also supported by the 12S data, whereas the third is not contradicted by them. Cophosaurus.
•Our data provide strong support for monophyly of the two Cophosaurus samples, representing C. t. texanus and C. t. scitulus. Because we did not sample the third Cophosaurus subspecies (C. t. reticulatus), this result should not be taken as evidence for monophyly of the species as a whole. The distances between the C. t. texanus and C. t. scitulus (cyt b, 0.055; 12S, 0.041) are similar to those observed within other species in this study.
Holbrookia.
•The cyt b data provide weak support (63%) for the monophyly of Holbrookia. The likelihood analysis of the 12S data did not support Holbrookia monophyly in >50% of the bootstrap replicates, though the taxon is monophyletic in all of the 15 ML topologies (Fig. 4c) and all of the six MP topologies (Fig. 4b) elegans and H m. thermophila), though support is weak (56%). The 12S data are unable to resolve the placement of H. propinqua relative to the various populations of H. maculata, in that neither likelihood nor parsimony bootstrap analyses find any resolution in more than 50% of the replicates. Moreover, the placement of H. propinqua in the likelihood analysis is incongruent with its placement in the parsimony analysis, in that each of the 15 ML trees (Fig. 4c) places H. propinqua outside of H. maculata, whereas the six MP trees (Fig. 4b) place it as sister group of the southwestern populations (H. m. elegans and H. m. thermophila). Monophyly of the northeastern populations of H. maculata is strongly supported by the cyt b data (93%), but only the parsimony analyses of the 12S data show >50% bootstrap support for this putative clade. Within this clade, the cyt b data provide moderate to strong support (75-98%) for three nested clades, though the most inclusive one is contradicted by two of the weighted parsimony analyses: Downweighting transitions by 10:3 and 5:1 under parsimony provides weak support (52% and 56%, respectively) for a clade composed of all of the taxa except H. m. campi; the ML topology excludes H. m. maculata instead ( Figure 5 ). Holbrookia maculata elegans and H. m. thermophila also form a moderately (cyt b, 80%) to strongly (12S, 88%) supported clade. Genetic distances between the southwestern and northeastern clades within the currently recognized species H. maculata (cyt b, 0.176-0.208; 12S, 0.037-0.052) The molecular sequences presented here provide useful data for reconstructing phylogenetic relationships both among and within the species of phrynosomatid sand lizards. The cyt b sequences are useful for reconstructing both shallow and deep divergences within this clade, whereas the 12S sequences are useful for reconstrucing shallow divergences. Although not decisive, these data add further support to one of the four alternative hypotheses (Fig. 1) that have been proposed concerning early cladogenetic events within the phrynosomatid sand lizards (topology I), as well as providing new information on more recent cladogenetic events and patterns of genetic and geographic differentiation within species.
Our results also highlight the heterogeneity of molecular sequence evolution and the concomitant importance of developing phylogenetic methods that allow analysis under heterogeneous models. Optimization of likelihood models for the different gene fragments (cyt b and 12S) and the structural and functional regions (stem and loop) or classes of sites (codon positions) within those gene fragments revealed pronounced differences among the parameters used to characterize sequence evolution (e.g., base substitution rates, proportion of invariant sites, and rate heterogeneity among sites). When these differences were ignored (i.e., by not partitioning the data), estimates of model parameters yielded intermediate values that in some cases differed greatly from those estimated for one or more subsets of the data (Table 2) . Consequently, attempting to characterize all the available data with a single set of model parameters resulted in a considerably lower value for the overall likelihood score. Bull et al. (1993) cautioned against combining data sets where there is significant variation in the underlying processes of sequence evolution. Our approach takes advantage of an important property of likelihood (i.e., the additivity of likelihood values from seperate subsets of data), thereby permitting us to combine data sets while at the same time allowing for variation in the processes acting on them. In the present study, our use of this approach was restricted to evaluating phylogenetic hypotheses defined a priori because available computer programs did not permit searching for optimal trees by using different models and parameter estimates for different subsets of the data. Since then, the ability to search for optimal trees under heterogeneous models has become available in PAML (Yang, 1999) , and similar capabilities are being developed in PAUP* (D. L. Swofford, pers. comm.) . Further development of such capabilities should greatly improve estimates of phylogeny based on large, heterogeneous data sets, including sequences from both single and multiple genes.
